Abstract: This paper deals with the operational behavior of the Doubly-Fed Induction Generator Wind Energy Conversion System under power electronic converter and rotor terminals faulty conditions. More specifically, the effect of the short-circuit fault both in one IGBT of the back-to-back power electronic converter and in rotor phases on the overall system behavior has been investigated via simulation using a system of 2 MW. Finally, the consequences of these faults have been evaluated.
Introduction
In last decades, the so-called "renewable or green energies" have gained the worldwide community interest, because of the increasing demand of electric power and the urgent need to reduce the dependence on fossil fuels. Renewable Energy Sources (RES) occupied a large share of installed
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Machines 2015, 3 3 capacity in 2011 [1] . During last years, wind energy has grown over standing today as the leader of the RES. Initially, the Fixed Speed Wind Energy Conversion Systems (FS-WECS) have been designed.
However, due to the need of maximum power production in a wider wind speed range, Variable Speed Wind Energy Conversion Systems (VS-WECS) have been developed and prevailed in recent years. The VS-WECS are divided into two types (technologies). The first one is the variable speed concept with the Doubly-Fed Induction Generator (DFIG-WECS) ( Figure 1 ) and the other type is equipped with a full-scale power electronic converter. Between these two technologies, the DFIG-WECS has become the most popular due to the fact that it can be operated under a wide range of wind speed. In addition, establishing the power electronic converter in the rotor circuit, through which only the 30% of the total power is transferred, results in better and lower power converter dimensioning. So, DFIG-WECS becomes an economical choice. The last few years the DFIG-WECS, that have been developed, are in the range of MW. According to [1] , the annual failure rate for wind turbines in this power range is very high. Furthermore, considering both the various transient situations that could happen and the new grid codes that require not disconnecting and reconnecting continuously [2] , several issues, such as reliability, availability and power quality, are becoming more and more important. Moreover, especially for offshore WECS, which may be located several kilometers away from the shore, the maintenance is inconvenient, costly and sometimes impossible. For these reasons a lot of research has been carried out as far as the DFIG behavior under different faulty conditions to predict such situations and take all necessary precautions. A typical kind of fault, that has severe consequences for the DFIG-WECS (due to the directly connection between the stator and the grid) and has been investigated a lot, is the grid faults, i.e., voltage sags and swells (symmetrical and asymmetrical), short-circuit faults (phase-to-phase, phase-to-ground, three phase), etc., [3] [4] [5] [6] . As referred in a lot of papers [1, [7] [8] [9] [10] , faults could also happen in the generator [11] , in sensors [12, 13] and in DFIG electrical part-the back-to-back power electronic converter and the control system. Two types of faults can occur in power switches, open-circuit and short-circuit fault. Short-circuits are considered as open-circuit faults due to the fact that the protection system (usually fuses) will be activated and the circuit will be interrupted. As a result More specifically, open-circuits-mainly due to misfiring pulses-in one or in two IGBTs of the Rotor Side Converter (RSC) or Grid Side Converter (GSC) have been considered and fault detection methods have been proposed [14] [15] [16] [17] . Finally, a start-up procedure using zero-crossing method for grid synchronization has been studied in [18] . In this work based on a developed model of the whole DFIG-WECS, the system behavior has been studied using the software Matlab/Simulink under faulty situations. More specifically, short-circuit faults in both the back-to-back converter (F1, F2) and rotor terminals (F3) are investigated in typical wind speed (supersynchronous mode) (Figure 1 ). The consequences of these strong conditions have been studied and critical conclusions about DFIG operational behavior have been obtained. The contribution of this paper is detailed analysis of the main operational system variables offering quantitative and qualitative information at strong dynamic conditions.
System Basic Operational Principles
The DFIG-WECS ( Figure 1 ) consists of an asynchronous machine and a back-to-back power converter, which is established in the rotor. The asynchronous machine is always operated as a generator and its stator is always connected to the grid. This system has the capability to operate in both subsynchronous and supersynchronous mode. This can be achieved via power flow in both directions. That is why the bi-directional topology of AC/DC/AC converter is used. The rotor electrical power Pr is only a fraction of stator active power output Ps (Pr = −sPs). During supersynchronous operation, Pr is transmitted to DC link capacitor and tends to raise the DC voltage. In subsynchronous speed operation, Pr is taken out of the DC bus capacitor C and tends to decrease the DC link voltage.
As far as the back-to-back converter topology is concerned, it consists of two individual and fully-controlled power converters (SPWM technique) with Insulated-Gate Bipolar Transistors (IGBTs). These converters are responsible for the independent control of system's active and reactive power. More specifically, Rotor Side Converter (RSC) is used to control generator active and reactive power and on the other hand Grid Side Converter (GSC) is used to succeed power factor correction and keep the DC link voltage steady at an appropriate value [19] . Furthermore, RSC acts as a PWM rectifier during the machine working in supersynchronous mode and as an inverter during subsynchronous mode, while GSC operates vice versa.
DFIG Simulation Model
A 2 MW DFIG-WECS model has been developed and simulated in the environment of Matlab/Simulink software for the purposes of this paper [19] . In this section the mathematical description and the implementation of this model in Matlab/Simulink and also its parameter values are presented.
Grid Model
For grid simulation a three phase programmable voltage source has been used. Grid and transformer parameter values are in Table 1 . 
Wind Turbine Aerodynamics
A wind turbine converts the wind power to mechanical (kinetic) power. The mechanical power Pm is given by the following equation:
where ρ the air density (kg/m 3 ), R the wind turbine rotor radius (m), vw the equivalent wind speed (m/s), β the pitch angle of rotor (deg), Cp the power coefficient with its maximum value at 0.59 (Betz limit) and λ is the tip speed ratio given by the following equation:
where ωm is the wind turbine rotor speed (rad/s).
The power coefficient Cp is given by the following equation [19, 20] : 
One can see that Cp is a function of pitch angle β and the tip speed ratio λ. In a given value of β, there is an optimum value for λ, namely λopt that gives the maximum Cp. All these values can be calculated by the wind turbine characteristic power curve. Generally, the wind turbines are designed to operate at maximum Cp. The wind turbine block diagram and parameter values are shown in Figure 2 and Table 2 , respectively. The pitch angle β is zero when vw ≤ vw, nom, while it is defined by the pitch system when vw > vw, nom. The mathematical equation, which describes the pitch control system, is:
(4) and the corresponding block diagram is in Figure 3 [19] . 
Asynchronous Generator Model
The asynchronous generator model has been described by the following well-known dynamical equations in d-, q-synchronous reference frame and the parameter values are given in Table 3 : 
Rotor Side Converter Control Model
The control strategy that has been implemented is Flux Oriented Control (FOC) in synchronous reference frame ( Figure 4 ) and the control equations (using PI controllers) are [19] : ) and p is the number of pole pairs.
Grid Side Converter Control Model
The control strategy that has been implemented in this work is Grid Voltage Oriented control in synchronous reference frame ( Figure 5 ) and the control equations (using PI controllers) are [19] : 
DFIG Behavior Under Short-Circuit Faults
Using the above Matlab/Simulink models, the following cases of faults are analyzed.
Short-Circuit in One IGBT of the RSC (F1)
The facts that could cause short-circuit in an IGBT are the following [21] :
(a) a wrong voltage in IGBT gate, which may occurred because of driver circuit malfunction, auxiliary power supply failure, or rapid change of voltage (du/dt); (b) an inherent failure, which may occurred due to an overvoltage/avalanche stress or temperature overshoot.
In this section the DFIG behavior under fault (F1)- Figure 1 -is studied. DFIG has been operated in supersynchronous mode (nr = 1800 rpm > ns = 1500 rpm-Synchronous speed) and at t = 4 s a short-circuit occurred in T1 (upper IGBT, phase a). During the simulation the switching operation of the other switches has not been changed (Rotor phase current ira, currents through IGBT (1)-IRT1-and IGBT (4)-IRT4, that have been affected by (F1), are shown in Figure 6 , where one can see that very high peak values come up. So, IGBTs breakdown is possible). The protection system has been considered not to be activated and the system has reached in a steady faulty state. According to the simulation results one can see in Figures 7-14 that (F1) has very severe consequences in the operational behavior of the whole system, because of the high current values and great torque oscillations. Initially, a very significant transient phenomenon occurs, which lasts for a long time (from t = 4 s to t = 12 s). A pulsating torque (te) has been caused ( Figure 7 ) with great low frequency oscillations and has as a result severe vibration on the mechanical part of the system (turbine-generator-gearbox) and maybe total breakdown of the system. Rotor speed nr (rpm) (Figure 8 ) increases to 2100 rpm (pitch control could be possibly activated, but due to the fact that it consists of mechanical parts, it has high time constant). Then, it oscillates about synchronous speed and finally decreases at 1555 rpm (with oscillations ±40 rpm). In addition, pulsations appear in stator active power, which is no more regulated and this could cause problems to the grid. Figure 9 shows that (F1) has a high effect on the dc link voltage as it decreases significantly. As depicted in Figure 10 , DFIG draws 3 pu reactive power from the grid for a time period of 2.5 s and finally oscillates about 1.5 pu. Both rotor ( Figure 11 ) and stator ( Figure 12 ) currents are affected greatly because of (F1). More specifically, a dc component and very high peak values appear in rotor currents-Approximately four times the nominal value during the transient condition and 1.3 times after system equilibration, while stator currents get high values. The dc component worsens the current stress of the healthy converter switches (especially in supersynchronous mode). However, rotor windings and the converter switches could be damaged during the transient state. Finally, in Figures 13 and 14 one can see that (F1) causes high peak values (3.5-4 times the nominal value) and oscillations in both GSC line currents Igabc and grid phase currents Igridabc that will result grid disturbances. From everything mentioned before, one can easily conclude that the consequences of a short-circuit fault in one IGBT of RSC will be catastrophic for the system, so an adequate control and a protection system must be adopted for fault clearance, system protection during fault and possible DFIG disconnection. Using current measurements (e.g., rotor phase currents that are measured in any way) and when a threshold has been exceeded a command to interrupt the IGBTs pulsating must be given.
Short-Circuit in One IGBT of the GSC (F2)
In this case the DFIG reaction under (F2)- Figure 1 -Is investigated. DFIG has been operated in supersynchronous mode (nr = 1800 rpm > ns = 1500 rpm-Synchronous speed) and at t = 4 s a short-circuit occurred in T1 (upper IGBT, phase a). As in previous case, no change in IGBTs pulsation has been considered during the simulation, except for IGBT (1), which has been short-circuited (GSC phase current iga and currents through T1, T4 (IGT1, IGT4) that have been affected by (F2), are shown in Figure 15 , where very high current peak values can also be observed). The protection system has been considered not to be activated and the system has reached in a steady faulty state. Take in account the simulation results one can see that (F2) affects the operational behavior of the whole system and the consequences of this kind of fault are similar to the corresponding ones of fault (F1), but a little slighter. Initially, the transient phenomenon lasts less than that in case of (F1) (from t = 4 s to t = 10 s). The electromagnetic torque oscillation is smaller than the previous case, so the danger for mechanical part breakdown is lower (Figure 16 ). Rotor speed nr (rpm) (Figure 17 ) increases to 2200 rpm (pitch control could be possibly activated, but due to the fact that it consists of mechanical parts, it has high time constant) and finally decreases at 1530 rpm (smoother reaction than under (F1)). Also, pulsations appear in stator active power. Figure 18 shows that (F2) has a high impact on the dc link voltage as it decreases significantly and becomes almost zero. Both rotor ( Figure 19 ) and stator ( Figure 20 As in the previous case one can conclude that an adequate control and a protection system must be adopted for fault clearance, system protection during fault and possible DFIG disconnection. As in previous case a way to protect the system is measuring rotor phase currents, comparing their values with a threshold and when it has been exceeded a command to interrupt the IGBTs pulsating must be given. 
Short-Circuit in Two Rotor Terminals (Phase-to-Phase Short-Circuit) (F3)
In this section the DFIG behavior under fault (F3)- Figure 1 -is studied. DFIG has been operated in supersynchronous mode (nr = 1800 rpm > ns = 1500 rpm-Synchronous speed) and at t = 4 s short-circuit occurred in two rotor terminals-Phase-to-phase short-circuit (b, c). The protection system has been considered not to be activated and the system has reached in a steady faulty state. Initially, a slight transient phenomenon happens, which lasts for a time interval of 2 s (from t = 4 s to t = 6 s). A pulsating torque (te) has been caused ( Figure 23 ) with great low frequency oscillations and has as a result severe vibration on the mechanical part of the system (turbine-generator-gearbox) and maybe total breakdown of the system (similar to the corresponding one under (F1)- Figure 7) . Rotor speed nr (Figure 24 ) decreases and oscillates at 1570 rpm (±30 rpm). Furthermore, pulsations appear in stator active power, which is no more regulated and this could cause problems to the grid. As it is also concluded for this case, a specific control and a protection system must be considered to face possible problems to system operation. Both generator windings and converter electronic power switches danger to be damaged (along with the mechanical part of DFIG due to strong oscillations).
Short-Circuit in Three Rotor Terminals (Three Phase Short-Circuit) (F4)
In this section the DFIG behavior under fault (F4)- Figure 1 -is studied. DFIG has been operated in supersynchronous mode (nr = 1800 rpm > ns = 1500 rpm-Synchronous speed) and at t = 4 s a short-circuit occurred in three rotor terminals-three phase short-circuit. The protection system has been considered not to be activated and the system has reached in a steady faulty state. Initially, a large (larger than during (F3)) transient phenomenon happens, which lasts for a time interval of 6 s (from t = 4 s to t = 10 s). The torque pulsations are not as great as under (F3) (Figure 30 ) so the mechanical part of the system (turbine-generator-gearbox) is not suffered from such strong vibrations. Rotor speed nr (rpm) (Figure 31 ) decreases at 1527 rpm (very close to synchronous speed). As it has been concluded from the above results both generator windings and converter electronic power switches danger to be damaged due to the high currents peak values, but in this case the vibrations of the mechanical part are slighter.
Conclusions
In this paper short-circuit in one IGBT of the back-to-back converter and a phase-to-phase short-circuit in the terminals of rotor have been considered and DFIG-WECS behavior has been investigated. From simulation results, one can conclude that a short-circuit in one IGBT of RSC affects the whole system. More specifically, a pulsating torque has been caused with great low frequency oscillations and results a severe vibration on the mechanical part of the system (turbine-generator-gearbox) and maybe total breakdown of the system. Moreover, rotor speed decreases at 1555 rpm (very close to synchronous speed and with oscillations ±40 rpm). Pulsations also appear in stator active power, which is no more regulated and this could cause problems to the grid. This fault has a high effect on the dc link voltage as it decreases significantly. Furthermore, both rotor and stator currents are strongly affected. More specifically, a dc component and very high peak values appear in rotor currents-Approximately four times the nominal value during the transient condition and 1.3 times after system equilibration, while stator currents get high values. The dc component worsens the current stress of the healthy converter switches (especially in supersynchronous mode). However, rotor windings and the converter switches could be damaged during the transient state.
In case that a short-circuit fault occurs in one IGBT of GSC, a slight transient phenomenon happens. Torque oscillations have been also caused and rotor speed decreases and oscillates at 1530 rpm (very close to synchronous speed). DC link voltage becomes almost to zero in this case. A dc component and very high peak values appear in stator currents-Approximately 3.5 times the nominal value during the transient condition and 1.8 times after system equilibration (different and smoother reaction than the previous case), while rotor currents get high values. GSC line currents and grid phase currents get high peak values (3.5-4 times the nominal value) and a dc component also appears, that could cause saturation or damage in the grid-side filter and the transformer.
Subsequently, when a phase-to-phase short-circuit happens in rotor terminals, a pulsating torque also appears, which may cause severe vibration on the mechanical part of the system (turbine-generator-gearbox) and maybe total breakdown of the system (similar to the corresponding one in the first case). Rotor speed oscillates at 1570 rpm (close to synchronous speed). Furthermore, pulsations appear in stator active power, which is no more regulated and this could cause problems to the grid. Both rotor and stator currents are affected by this fault. More specifically, very high peak values appear in rotor currentsapproximately four times the nominal value during the transient condition and two times after system equilibration-and a high harmonic content appears. Stator currents get high values and a high harmonic content appears too. The DFIG reaction in this specific faulty condition is similar to that when a short-circuit fault happens in one IGBT of RSC.
Finally, when a three phase short-circuit happens in rotor terminals, the most serious consequence is the increase of the machine and back-to-back electronic converter currents, which could cause damages to both machine windings and converter electronic power switches. In all cases investigated in this paper, it is clearly concluded that an adequate control and a protection system must be considered to face the problems to system operation, because both generator windings and converter power switches danger to be damaged, along with the mechanical part of DFIG due to strong torque oscillations. So, a possible operation principle of a protection system could be using current measurements (e.g., rotor phase currents that are measured anyway, so there would be no additional cost) and when a threshold has been exceeded, a command to interrupt the IGBTs pulsating must be given for system shutdown.
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